Silica based fibre-optic refractive index sensors are gaining acceptance over conventional refractometers and finding applications in chemical/biological sensing due to many of their desirable properties. Here we present an optical fibrebased refractive index sensor that uses the power transmission through etched D-shaped fibres. The sensor's operating point and resolution can be tailored for a specific application by selecting the correct combination of the operating wavelength and the cladding thickness of the etched fibre. The sensor's power transmission depends on the surrounding refractive index in which the sensor head is immersed. The sensor presented has a maximum resolution on the order of 10 -6 in its "high resolution" region and on the order of 10 -4 in its "low resolution" region. The refractive index at which the maximum resolution occurs in the high resolution region can be shifted by ~0.012 and by ~0.027 in the low resolution region. To date, such high resolutions have been reported over narrow ranges and/or for fibre Bragg grating based sensors, which require optical spectral analysis which typically, is costly.
INTRODUCTION
Optical fibre-based refractive index sensors are promising and attractive for use in chemical and biological sensing applications due to their inherent advantages such as chemical inertness, high sensitivity, compactness, light weight, non-intrusiveness, immunity to electromagnetic fields, and fast response times. The measurement of the refractive index of many chemical substances can be used to determine certain physical parameters, such as density, pH, acidity, and liquid concentration 1, 2 . For these reasons, there has been a significant amount of work done toward the development of optical fibre-based refractive index sensors 3, . There are two common methods of measurement used in optical fibre-based refractive index sensors. The first method uses wavelength interrogation and requires the measurement of the transmission spectrum of the sensor with the use of a broadband source and an optical spectrum analyzer. The resolution of such sensors is determined by the resolution to which shifts in the resonance wavelengths of the sensors can be measured. Such sensors have been demonstrated in a uniformly thinned fibre Bragg grating (FBG) obtained by using wet chemical etching 4 , in a thinned section of fibre (approximate radius of ~1.5 µm) sandwiched between two FBGs used to create a fibre Fabry-Pérot interferometer 5 , in the resonance of cladding modes in a thinned FBG 6 , in tilted FBGs 7, 8 , in FBGs written on side polished fibres 9 , on etched D-fibres, 3, 10 and on microstructured fibres 11 and in long-period fibre gratings 12, 13, 14 written on circular fibres. In Table 1 we have tabulated the peak sensitivities and operating points of the sensors described above for which have been reported. The range of refractive index values that can be measured for the majority of such sensors reported thus far is typically from 1.33 to 1.46.
The second method uses intensity measurements and requires the measurement of the power transmission through the sensor using typical optical sources and detectors. In this method, the resolution depends on the resolution to which the optical power transmission can be measured. Such sensors have been demonstrated in a bent plastic multimode optical fibre with a partially stripped cladding 15 , in cladded multimode tapered fibre tips with mirrored ends based on the radiation of the modes guided by the cladding 16 , in an evanescent wave-based sensor created using a tapered single-mode fibre embedded in a polymer 17 , in the leakage of a side-polished single-mode fibre 18 , in side-polished plastic optical fibres 19, 20 , in a microstructured fibre Bragg grating in a single-mode fibre 21 (the wavelength of the optical source had to be tuned to be close to the Bragg wavelength), in the fibre core diameter mismatches when a small section of a singlemode fibre was sandwiched between two lead multimode fibres 2 , in V-shaped unclad multimode fibres with varying angles 22 , in a tapered section of multimode fibre sandwiched between two single-mode fibres having two different FBGs 23 . The ranges of operation and the peak resolution reported for the sensors described above are given in Table 2 . Another specialized group of refractive index sensors includes surface plasmon resonance sensors 24 which use wavelength interrogation 25 , intensity measurement 26 , or the phase difference between two orthogonal modes 27 . 1.45-1. 5 20 In this paper we present a high resolution, wide range, intensity-based refractive index sensor that can be tailored with regard to its operating point and resolution. In Section 2 we describe the operating principle and a study of the effects of the cladding thickness and the operating wavelength on the resolution and operating point of the sensor. In Section 3 an experimental analysis of the sensor is presented, demonstrating the ability to fabricate a sensor with a particular operating point and resolution by carefully selecting the etched cladding thickness and the operating wavelength. A discussion is provided in Section 4 with concluding remarks given in Section 5. In a typical optical fibre, the fibre mode effective index n eff lies between the cladding refractive index n cl and the core refractive index n co . In the case of our D-fibre with a surrounding refractive index, n s , n eff is changed, and for n s ≥ n eff , the mode becomes leaky 28, 29, 30, 31, 32 . For the case where n s > n eff , the propagation constant for the structure's leaky TE 0 mode is complex, with real and imaginary parts, β r and β j , respectively. Consequently, the transmission through the sensor head depends on n s and thus an intensity-based refractive index sensor can be realized. The D-fibre/SRI structure can be theoretically modeled by first replacing the fibre with a three-layer equivalent planar waveguide by matching modal fields and propagation constants 33, 34 . This equivalent planar waveguide is then extended to a four-layer planar waveguide to take into account the SRI, which acts as a superstrate. The power transmission, T P , can be written in terms of the power into P in , and the power out of P out , a section of fibre of length L, as Fig. 2 . In Region I, where n s t n eff , the transmission decreases sharply to a minimum and the slope is large and negative over a small refractive index range. In Region II, where n s > n eff , the transmission is close to its minimum and its slope is small or even zero. In Region III, where n s > n eff as well, the transmission increases monotonically and the slope is positive over a large refractive index range.
OPERATING PRINCIPLES
The resolution to which the refractive index can be measured, ∆n s , depends on the resolution to which T P can be measured, ∆T P , and is approximated by
It is apparent from (2) that the sensor resolution improves with increasing slope of T P . The sensor is most useful in Regions I and III and the maximum resolutions in these two regions, calculated using (2), are shown in Fig. 3 for four values of ∆T P . In Region I the maximum resolution dramatically improves with decreasing d and occurs at n s ≈ 1.4495 for all values of d. In Region III, however, the maximum resolution has a parabolic dependence on d with its best value at the apex of the parabola which occurs at d ≈ 4.0 µm indicating that there is an optimum cladding thickness, d opt , for such D-fibre sensors that gives the best resolution. The SRI at which the maximum resolution occurs, n max , is different for each d and is marked by the circles in Fig. 2 . The calculated maximum resolution in Region I is on the order of 10 -6 and such resolutions have, thus far only been reported for fibre Bragg grating based sensors 7, 14 and surface plasmon resonance sensors 25, 27 . Fig. 4 shows the calculated resolutions in Regions I and III for a sensor with d = 4.0 µm as a function of n s for several values of ∆T P . The calculated resolution in Region III is on the order of 10 -2 for ∆T P = 1% over a very large range. The figure shows that as expected, by improving ∆T P by an order of magnitude, the resolution is also improved by an order of magnitude. In our case, we are able to achieve ∆T P ≤ 0.2%, with no extra effort, which results in a resolution between 10 -3 and 10 -4 over a large range of 0.23 refractive index units (RIUs). For refractive indices other than n max in Region III, the resolution is lower and the optimum cladding thickness is changed, thus, depending on the sensor's operating point its resolution can be maximized by selecting the optimal cladding thickness.
To better exploit the high resolutions obtainable in Region I, it is possible to shift the operating point by changing the operating wavelength λ ο . To demonstrate the effect on the sensor of changing the wavelength, Fig. 5 shows the calculated power transmission ratio of the equivalent planar waveguide's TE 0 mode in Region I for a 1 cm length of our D-fibre sensor as a function of n s at several wavelengths using d = 4.0 µm. For each wavelength, the refractive index distribution of the fibre was determined using the equations for germania-doped and fluorine-doped silica 35 . The range over which Region I can be shifted is ~0.012 RIUs, which is sufficiently large for applications that require the accurate measurement of the refractive indices of the many liquids, such as typical hydrocarbons, for which 1.45
The maximum resolution point in Region III, i.e., n max , can also be shifted by changing λ ο . Here, d opt , is a function of both the operating point and the wavelength. Fig. 6 shows d opt as a function of n s for several wavelengths. The d opt for each λ ο is significantly different and shown in Fig. 7 are the power transmission curves at several wavelengths using the d opt for λ ο . The figure's legend shows d opt and the corresponding n max for each λ ο . Here, n max can be shifted by ~0.027 RIUs, which is a significant amount considering the number of liquids that have refractive indices between 1.46 and 1.50, such as glycerin, benzene, chloroform, honey, turpentine, and sugar solutions. Fig. 2 to Fig. 7 illustrate that, in principle, a sensor having a desired resolution and operating point can be realized by carefully selecting the correct combination of the cladding thickness and the operating wavelength.
Furthermore, a tuneable broadband sensor can also be realized by picking a particular cladding thickness. Fig. 8 shows T P curves in Region I for d = 2.50 µm at several wavelengths illustrating that λ ο can be tuned to change the sensor's operating point over the range 1.4462 ≤ n s ≤ 1.4583. For ∆Τ P = 0.2%, the maximum resolution is ~8 × 10 -8 RIUs at λ o = 1200 nm and improves to ~1 × 10 -8 RIUs at λ o = 1700 nm. The points of maximum resolution for each wavelength are marked by the solid circles. A broadband device can also be realized for Region III by making a trade off between the sensor resolution and the ability to tune the device using the operating wavelength. Fig. 9 shows the sensor's resolution at four different operating points in Region III for ∆Τ P = 0.2% at several wavelengths as a function of the cladding thickness. Fig. 9 also illustrates how d opt (the apexes of the parabolas) changes with wavelength and operating point. Furthermore, Fig. 9 gives a sense of how sensitive the resolution is to the cladding thickness, d.
EXPERIMENTAL SETUP AND RESULTS
To fabricate a sensor a one-centimetre long stripped section of D-fibre was dipped in acetone for 20 minutes to clean the fibre and then etched in a 10% hydrofluoric acid solution for 150 to 180 minutes to obtain the desired cladding thickness 36, 37 . The cladding thickness after etching can be determined accurately 33, 34, 37 . We used standard thermo-optic oils to measure the sensor's response. OIL-1 had an index of refraction at 25 o C, n 0 , and thermo-optic coefficient, dn/dT, of 1.4710 and -3.86×10 The experimental setup is shown in Fig. 10 . The D-fibre was threaded through a specially built aluminum plate that had a trench in it to contain the thermo-optic oil. The plate also served as the cold plate for the thermoelectric cooler (TEC) used to control the temperature of the oil. The polarization controller (PC) was used to launch only the TE 01 mode in the fibre. To confirm that the TE 01 mode was launched correctly, an analyzer was placed at the output to measure the extinction ratio between the two orthogonal modes of the fibre, which we found to be consistently in excess of 27 dB. The ends of the D-fibres were coupled to standard SMF-28 fibres using mechanical splices.
Sensor Resolution
To demonstrate the sensor's high resolution, its response was measured at a single wavelength (λ ο = 1550 nm) using a monochromatic source and a power meter. A sensor with a cladding thickness of ~4.0 µm was fabricated and will be referred to as Sensor-1. The power level when the sensor was surrounded by air was used as the reference level to calculate the transmission ratio values. The temperature was changed to change the SRI of the sensor and the measured temperature was used to determine the refractive index of the oil. Fig. 11 shows the measured power transmission ratio of Sensor-1 as a function of the refractive index of OIL-1. The slope in Region III of the measured response was used to determine the sensor's resolution. For ∆Τ P = 0.2%, the measured maximum resolution over the range of Region III for which the transmission was measured was ~5 × 10 -4 at n s ≈ 1.475 and agrees reasonably well with the calculated resolution of 7 × 10 -4 shown in Fig. 3 . For better temperature control and accurate knowledge of the refractive index of the oil, OIL-2 was used to measure the power transmission ratio of the sensor in Region I, and is shown in Fig. 12 . The measured maximum resolution with OIL-2 was determined to be 2 × 10 -6 at n s ≈ 1.449 and agrees well with the calculated resolution of 2 × 10 -6 shown in Fig. 3 .
Operating Point
To demonstrate the ability to shift the operating points in either of the two regions, the power transmission ratio was measured at several wavelengths using several monochromatic. At each wavelength, the Cauchy equations and thermooptic coefficients for each oil were used to determine their respective refractive indices. Fig. 13 shows the measured power transmission ratio of Sensor-1 at several wavelengths using OIL-1. To demonstrate the tuneable broadband sensor proposed in Fig. 8 , a second sensor, Sensor-2, with a smaller cladding thickness than Sensor-1 was fabricated. Fig. 14 shows the measured power transmission ratio of Sensor-2 using OIL-2. The measured shift of the operating point in Region I shown in Fig. 14 
DISCUSSION
As we used a thermo-optic oil as the surrounding refractive index, the effects of temperature on the sensor could not be overlooked. The thermo-optic coefficient of silica, which is -10 -5 RIU/ o C, was used to calculate the effect of temperature on the sensor's response. This was done by calculating the refractive indices of the core and cladding at each temperature point and using those values in the model. Fig. 15 shows the power transmission ratio at five different ambient temperatures for a sensor with L = 1 cm and d = 4.0 µm at λ ο = 1550 nm. The thermo-optic effect in the silica is most pronounced in Region I and has less of an effect in Region III. The shift of Region I due to ambient temperature changes is ~10 -5 / o C, indicating that for an accurate measurement of the refractive index, when operated in Region I, the sensor and the surrounding refractive index must be kept at a constant temperature. As a majority of fibre optic sensors are sensitive to temperature changes and require some sort of temperature compensation/control, this is a common requirement.
The measured power transmission ratio curves of the D-fibres shown in the preceding figures illustrate that there is a gradual decrease in T P as n s approaches n eff , as opposed to a sharp decrease predicted by the theoretical model as is shown in the calculated transmission ratio curves. This effect is due to the fact that the thermo-optic oils used are lossy (their transparency decreases with increasing wavelength). Part of the evanescent optical field of the D-fibre propagates in the oil and thus optical power is lost due to absorption in the oil even before the mode becomes leaky, i.e., when n s < n eff . As n s approaches n eff , the evanescent field penetrates deeper into the oil (the transverse propagation constant decreases) and more of the optical field propagates in the oil, leading to increased absorption loss in the oil. This effect is demonstrated well in Fig. 14 where this gradual decrease gets more pronounced as the wavelength increases.
Since the sensor presented is intensity-based, its response depends on the measurement of the optical transmission, which can fluctuate due to factors such as source temperature changes, detector responsivity changes, link attenuation changes, and those caused by changes in mechanical components such as connectors, mechanical support mounts, and optics 38 . Nevertheless, in an industrial application, compensation techniques commonly used with intensity-based optical fibre sensors can be applied 39 .
CONCLUSIONS
In this paper, a high resolution refractive index sensor that can be tailored with regard to its operating point and resolution was presented. The power transmission ratio of the sensor depends on the surrounding refractive index when it is greater than the mode effective index. Our sensor had a measured maximum resolution of 2 × 10 -6 for λ ο = 1550 nm at indices close to the effective mode index. We have shown that the best calculated resolution can be 1 × 10 -8 at λ ο = 1700 nm. The resolution and the point at which the maximum resolution occurs can be shifted by selecting the correct combination of the cladding thickness and operating wavelength. The maximum resolution point can be shifted by as much as ~0.012 RIUs in the high resolution region and by ~0.027 RIUs in the low resolution region with a corresponding wavelength change of 500 nm. The advantages of the sensor are its high resolution, its adjustable operating point, its wide operating range, its manufacturing simplicity, and its implementation using readily available optical sources and simple detection schemes. Surrounding Refractive Index (n s ) Power Transmission Ratio ∆T P =0.50%
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